INTRODUCTION
There are two types of dilemma zone (i.e., Type I and Type II) with completely different 119 definitions. The Type I dilemma zone was defined by Gazis et al. as a zone in which at the onset 120 of yellow indication the driver can neither clear the intersection during the yellow interval nor 121 safely stop before the stop line (6). A longer yellow interval could eliminate the Type I dilemma 122 zone. However, it would produce a longer option zone at the same time (7-9). The option zone is 123 the zone in which vehicles can either pass the intersection during the yellow time or safely stop 124 before the stop line. Researchers found option zone is also hazardous, because drivers in option 125 zone are also very likely to get involved in rear-end and right angle accident (7, 8) . This fact 126
suggests that protection should be given to both Type I dilemma zone and option zone. The 127 locations of Type I dilemma zone and option zone are determined by the minimum stopping 128 distance (X c ) and the maximum yellow-light-running distance (X 0 ) (6). When X c is greater than 129 X 0 , the Type I dilemma zone forms. When X 0 is greater than X c , the option zone exists. 130
Mathematically, X 0 and X c are mainly contributed by driver's minimum perception-reaction time 131 (PRT), maximum deceleration rate for stopping, and, maximum acceleration rate for running. 132
Due to the lack of qualitative knowledge about these factors, they are typically assumed to have 133 constant nominal values in most practices (2, 10, 11) . 134 This lack of such quantitative knowledge about the contributing factors prevented 135 accurate computations of dilemma zone. To overcome this problem, Zegeer proposed another 136 definition of dilemma zone using driver's stopping probability in response to the yellow 137 indication (12). His dilemma zone was defined as the road segment where more than 10% and 138 less than 90% of the drivers would choose to stop. This definition was further known as the Type 139 II dilemma zone or indecision zone (IZ) (13-16). The advantage of Type II dilemma zone is that 140 it can be easily computed through obtaining the driver's stopping probability model from binary 141 logistic regression analysis. 142
Recent research conducted by the authors investigated real-world drivers' acceleration 143 and deceleration behavior in response to the yellow indication. The results revealed that the 144 contributing factors to Type I dilemma zone and option zone are dynamic rather than static (17). 145
They also established numerical models of these contributing factors as functions of vehicle's 146 speed and intersection approach's 85th percentile speed. With the quantitative knowledge of 147 these contributing factors, the traditional Type I dilemma zone and option zone models were 148 hence updated to reflect more accurate locations of the zones. The dynamics of dilemma zone 149 was also explored in other research (26, 27) . 150 Due to the lack of standard measures of effectiveness for quantitatively evaluating the 151 safety and operational performance, advance detector configurations proposed in early time 152
(before 1980) were mostly developed without optimization (2-5). In 1993, Bonneson 
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When X c > X 0 , the Type I dilemma zone is formed. In the case of X c < X 0 , the Type I 278 dilemma zone is eliminated, and the roadway segment between X 0 and X c is the option zone. 279
Previous research also revealed that only option zone exists when the yellow interval is equal or 280 greater than 4.0 sec, while the Type I dilemma zone is completely eliminated by the long yellow 281 interval (21). In other words, when the yellow interval is greater than 4.0 sec, protection is only 282 needed for option zone. Therefore, in this paper, the proposed alternative advance detector 283 configuration was specially designed for option zone protection due to the fact that most high 284 speed intersections have a yellow interval greater than 4.0 sec. 285 286 ALTERNATIVE ADVANCE DETECTOR CONFIGURATION FOR OPTION ZONE 287 PROTECTION 288
In this research, the goal of the proposed advance detector configuration was twofold: (1) firstly, 289
to assure the safety of all vehicles traveling in the protected speed range; (2) secondly, to 290 maximize the operation efficiency after the safety is guaranteed. Based on this goal, the 291 following design criteria were established for developing the alternative advance detector 292 configuration. (See Figure 3 ) 293
294
FIGURE 3 Illustration of design criteria for the alterntive advance detector configuration.
295
• The design should be based on the dynamic option zone rather than the static option zone 296 or the Type II dilemma zone based on the findings that the dynamic option zone model 297 estimates the actual dilemma zone most accurately among all the three available dilemma 298 zone models. 299
• Two advance detectors should be used in the design: upstream and downstream detectors. 300
• The lowest protected speed should be 30mph, because vehicles traveling below 30mph 301 can easily manage a safe stop in response to yellow indications. Namely, the downstream 302 detector should be placed at the beginning of the 30mph option zone. 303
• The passage time should be the minimum required time for carrying vehicles traveling at 304 the lowest protected speed, i.e., 30mph, from the downstream detector to the end of the 305 30mph option zone rather than to the stop line. This could relatively reduce the passage 306 time in order to maximize the operational efficiency. 307
• The highest protected speed should be no less than the posted speed limit of the 308 intersection approach. In other words, the upstream detector should be placed at or 309 upstream before the beginning of the option zone of the posted speed limit. (e.g., for an 310 approach having a 50mph speed limit, the upstream detector should be placed at or 311 upstream before the beginning of the 50mph option zone.) 312
• The travel time between the two advance detectors should be no longer than the passage 313 time. In other words, the furthest possible position of the upstream detector should be 314 located at the passage time (e.g., 2 seconds) from the downstream detector. And, the 315 highest possible protected speed should be determined by the location of the upstream 316 detector. Note that the travel time is calculated based on 30mph. This can guarantee that 317 full protection is given to all vehicles whose traveling speeds are greater than 30mph and 318 less than the highest protected speed. 319
• According to the above two criteria, the location of the upstream detector should fall into 320 the interval [beginning of the option zone of the posted speed limit, the passage time from 321 the downstream detector]. Its final location should be determined after optimization. 322
OPTIMIZATION OF THE ALTERNATIVE ADVANCE DETECTOR 323 CONFIGURATION 324

Dilemma Conflict Potential as a Measure of Effectiveness for Safety 325
As a replacement for the traditional measure of "number of vehicles in dilemma zone", a new 326 concept of dilemma Conflict Potential (DCP) was proposed in this research to measure the 327 dilemma hazard faced by each vehicle. DCP is defined as the probability for an approaching 328 vehicle to have potential traffic conflicts associated with dilemma zone. Typically, the dilemma 329 zone can result in two major types of traffic conflicts: rear-end (RE) conflict and right-angle (RA) 330 conflict. A rear-end conflict occurs when the vehicle ahead of the target vehicle stops abruptly 331 while the target vehicle intends to go. A right-angle conflict takes place when the leading vehicle 332 chooses to go while the target vehicle attempts to run red. In this context, the DCP model was 333 designed to address the probability of both right-angle and rear-end conflicts. 334 Numerically, the DCP model computes vehicle's conflict probability based on the 336 vehicle's and its leading vehicle's speed and location at the onset of yellow indication. Seven 337 mutually exclusive and collectively exhaustive scenarios at the onset of yellow indication were 338 considered for modeling DCP. They cover all possible situations that may lead the target vehicle 339 to a potential rear-end or right-angle conflict. The computation for the DCP for each scenario is 340 summarized in Table 1 . The DCP were mathematically modeled based on the conditional 341 probability for a vehicle to have traffic conflicts given the vehicle's maneuver in response to the 342 yellow indication. The DCP models were calibrated using field-collected trajectory data through 343 the calibration of these probability models. Detailed modeling and calibration process of the 344 DCP model can be found in one of the authors' research reports (21). 345 346
Objective Function and Constraint of the Optimization 347
The optimization aimed at obtaining a configuration of detectors, which can maximize both 348 safety performance and operational efficiency. The safety performance was assessed by the total 349 number of dilemma zone related traffic conflicts per hour (C Hourly-Total ). A smaller C Hourly-Total 350 reflects a better safety performance. As introduced in the previous subsection, DCP is the 351 probability for an approaching vehicle to have dilemma zone related traffic conflicts. Considering that the measures of safety and operational efficiency had different units, it 367 was difficult to make these two measurements comparable. Therefore, both of the measures were 368 converted to US dollar in order to make them comparable. A previous study concluded that the 369 probability for a traffic conflict to become a real accident was about 0.0001, while the average 370 cost for each real accident was $56,706 (13). Therefore, the unit cost of each traffic conflict was 371 computed as $56,706×0.0001, which is $5.67 per conflict. The safety was hence measured in 372 terms of money as the hourly dilemma conflict cost ($), which can be mathematically 373
represented by the following equation: 374
5.67
Conflict Hourly
Hourly Total
Where, Cost Conflict-Hourly = hourly dilemma conflict cost ($); 376
According to the US Bureau of Labor Statistics, the average hourly salary in the US was 377 $20.32/hr, which was equivalent to $0.00564/sec (23). Using this unit cost, the operational 378 efficiency was measured in terms of money, which was termed as the hourly delay cost ($). 379
Assuming that the driver was the only person in each vehicle, the hourly delay cost could then be 380 represented by the following equation. 381
0.0056
Delay Hourly
Overall i i
Where, Cost Delay-Hourly = hourly delay cost ($); 383
Based on these aforementioned models, the objective of the optimization was eventually 384 determined as minimizing the combined cost of dilemma conflicts and delay. Considering that 385 the performance of the detection system may vary as traffic volumes vary during different hours 386 of a day, the optimization objective was specifically defined as minimizing the daily combined 387 cost of dilemma conflicts and delay. Standard dual-ring and two-barrier phasing design was used. To simplify the optimization, only 406 two phases were designed: through phase on the mainline and through phase on the side street. 407
The mainline through phases of both directions needed to cross the barrier at the same time, 408 which indicates that a simultaneous gap-out strategy was used. 409 (3)), the candidate locations of the upstream detector were determined using 5 ft as the interval, 428 as summarized in Table 3 . The location of the downstream detector was fixed at the beginning of 429 the 30mph option zone for a specific speed limit. Both upstream and downstream detectors are a 430 small area detector with the size of 6 ft by 6 ft. 431
For each speed limit, a specific optimal configuration of detectors was generated from the 432 optimization. Each candidate detector configuration was evaluated by 30 simulation runs for one 433 specific volume condition. A total of 30×5 simulation runs were therefore required for each 434 candidate detector configuration because five volume conditions were considered in the 435 optimization. Each simulation run had a unique random seed, and lasted 600 simulation seconds, 436 which equaled to 10 simulation minutes. The simulation resolution was set as 5 steps per 437 simulation second. At each onset of yellow interval, the speed and location of all vehicles that 438 were traveling on the mainline were exported to the database. The delay of each movement (e.g., 439
eastbound mainline through) were exported as well at the end of each simulation run. Meanwhile, 440 the termination status of the green time for each cycle (i.e., max-out or gap-out) was also 441 exported.
442
A customized software program developed by the authors was used to access the 443 outputted database and files by VISSIM. The program computed the Type I dilemma zone and 444 option zone using Equations (2) and (3) for each vehicle based on the vehicle's yellow-onset 445 speed, the 85 th percentile speed of the intersection approach, and the duration of yellow interval. 446
The program hence justified whether this vehicle was in option zone, in Type I dilemma zone, or 447 not in any zone by examining the vehicle's yellow-onset location with its computed dilemma 448 zone. 449 Cost − ) for each volume condition were 466 computed using Equations (9) and (10). Finally, the daily dilemma conflict cost and the daily 467 delay cost were computed using the following two equations, respectively. 468 The results of the optimization were based on assessing the daily combined cost of 492 dilemma conflicts and delay. The candidate detector configuration that had the lowest daily 493 combined cost of dilemma conflicts and delay among all the candidates of the speed limit was 494 determined as the optimal one for the specific speed limit. * denotes the optimal detector configuration for the speed limit; a refers to the lowest value in the column for the speed limit.
499
Evaluation of the Optimal Advance Detector Configurations 500
In this section, the optimal advance detector configuration was evaluated through comparison 501 with four classic detector configurations, i.e., Beirele, Bonneson, SSITE, and Winston-Salem 502 configurations (2, 16), which have been recommended by FHWA or widely used in the nation. 503
Before the comparison, the four classic configurations were evaluated using the 504 simulation test bed. Microscopic simulation models of these classic configurations were built in 505 VISSIM. Thirty 600-second simulation runs were then performed for each classic configuration 506 under each traffic volume condition summarized in Table 2 . The daily dilemma conflict cost, 507 daily delay cost, and daily average max-out occurrence percentage were hence computed for 508 each classic configuration. 509 Table 5 summarizes the comparison results for speed limits of 40mph and 50mph, while 510 Figure 4 depicts the comparisons using graphic presentation. 511 512 Under the speed limit of 40 mph, the optimal configuration had the lowest daily dilemma 524 conflict cost. The number was much lower when compared with other classic configurations. 525
This fact revealed that for the 40mph speed limit, the optimal configuration was much safer than 526 the classic configurations. Tied with Winston-Salem configuration, the optimal configuration 527 also had the lowest daily delay cost. It indicated that the optimal configuration was the most 528 operational efficient configuration among all configurations. Moreover, the optimal 529 configuration was also the configuration that had the lowest daily average max-out occurrence 530
percentage. All these ensured the optimal configuration to have the lowest daily combined cost 531 among all configurations. 532
Under the speed limit of 50 mph, the optimal configuration had much lower daily 533 dilemma conflict cost compared with any of the four classic configurations, which meant the 534 optimal configuration was the safest one among all configurations. For the operational efficiency, 535 the optimal configuration ranked the second behind Winston-Salem configuration by having the 536 second lowest daily delay cost. However, Winston-Salem configuration sacrificed its safety 537 performance to achieve a better operational efficiency, which was reflective of its highest daily 538 dilemma conflict cost among all configurations. Moreover, the optimal configuration was least 539 likely to max out among all configurations. From an overall perspective, the optimal 540 configuration also had the lowest daily combined cost under the speed limit of 50mph. 541 542
CONCLUSIONS 543
The excellent performance of the optimal configuration in the evaluation suggested that the 544 proposed optimization was effective in generating desirable detector configurations that can 545 minimize the combined cost of safety and delay. When compared with any of the four classic 546 configurations, the proposed alternative advance detector configuration had a lower safety cost, a 547 lower combined daily cost, and a lower occurrence rate of max-out. These facts sufficiently 548 validated the alternative advance detector configuration in terms of providing effective and 549 efficient protection to vehicles at high speed signalized intersections. 550
The achievement of the excellent performance was majorly benefited from the following 551 aspects: 552
• Designed for option zone protection: the dynamic option zone model was found to 553 estimate the actual dilemma zone most accurately among all available dilemma zone 554 models. 555
• Safety priority: the design criteria assured that there is no compromise of safety; 556
• Selection of proper design goal: the design goal was to carry vehicles through the 557 option zone rather than to the stop line, which enhanced the operational efficiency 558
while not compromising any safety; and, 559
• Based on accurate option zone locations: the option zone model had dynamic 560
contributing factor values, and was developed based on field-collected vehicle 561 trajectory data. It was well reflective of the real-world conditions. 562
In conclusion, the superiority of the option zone based detector configuration has been 563 proved through this research. Future research will be focused on the optimization of the yellow 564 interval as well as the passage time in order to continuously improve the overall performance of 565 the option zone based detector configurations. 566 567
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